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ABSTRACT 


Aluminum  coupons  reinforced  unidirectionally  with  continuous  alumina  fibers  were 
loaded  in  combined  tension-torsion.  Experimental  results  indicated  that  the  superimposi¬ 
tion  of  a  0.0025  shear  strain  reduced  the  tensile  strain  to  failure  by  67%.  Similarly,  the 
superimposition  of  a  0.0007  tensile  strain  reduced  the  shear  strain  to  failure  by  81%.  It 
was  inferred  that  applying  the  torque  first  and  then  the  axial  load  or  the  axial  load  first 
and  then  the  torque,  had  no  significant  effect  on  the  failure  envelope.  The  shear  modu¬ 
lus  was  estimated  to  be  50.56  GPa. 


INTRODUCTION 


The  introduction  of  fiber  reinforced  composites  in  structural  design  has  generated  the  need 
to  develop  new  test  procedures  for  rating  these  materials.  The  assessment  of  the  performance 

of  such  composites  under  combined  tensile-torsional  loading  should  increase  their  reliability. 

■  111  ^^11 
Specimens  such  as  the  cruciform,  the  thin  wall  cylinder,  and  the  center  cracked  plate 

have  been  used  extensively  to  investigate  the  response  of  isotropic  materials  to  biaxial  loading. 
These  specimens,  however,  may  not  be  appropriate  for  all  types  of  fiber  reinforced  compos¬ 
ites.  It  has  been  shown  that,  in  certain  composites,  premature  failure  by  fiber  debonding  can 
occur  at  points  of  stress  concentration  or  where  there  is  a  change  in  the  specimen’s  con¬ 
tours. Because  of  these  trends,  the  cruciform  and  the  center  cracked  plate  could  be 
poor  candidates  for  combined  tensile-torsional  testing  of  fiber  reinforced  composites,  especially 
those  reinforced  unidirectionally.  On  the  other  hand,  the  thin  wall  cylindrical  specimen  could 
be  promising  for  certain  applications  (e.g.  pressure  vessels)  provided  that  the  cost  of  produc¬ 
ing  it  or  its  availability  are  not  problematic. 

The  above  considerations  have  led  the  authors  to  select  a  simple  bar  with  a  narrow  rec¬ 
tangular  cross  section  as  a  suitable  specimen  for  combined  axial-torsional  testing  of  a  fiber 
reinforced  composite.  The  specimen  configuration  and  dimensions  are  depicted  in  Figure  1. 
The  ends  of  the  coupon  were  protected  with  aluminum  tabs.  When  a  coupon  with  a  narrow 
rectangular  cross  section  is  loaded  in  pure  torsion  as  shown  in  Figure  2,  the  total  shear  strain 
/zy  of  the  element  "abed"  consists  of  two  components.  The  first  component  is  the  shear 
strain  y\  =  Cv/  Cz  (rotational  shear  strain)  which  is  due  to  the  rotation  of  the  cro.ss  section 
about  the  "z"  axis  and  the  second  component  is  the  shear  strain  y2  =  Cw/Cy  which  is  due  to 
warpage  of  the  cross  section.  For  isotropic  materials  yi  =  72*  at'd  the  resultant  shear  is 
twice  as  great  as  in  the  case  of  a  circular  cross  section  of  diameter  "2a". For  an  ortho¬ 
tropic  solid,  the  shear  strain  yzy  in  the  middle  portion  of  the  long  side  of  the  coupon  is: 

7zy  “  Cv  /  Cz  /  Cy  “  ^  /  Cy  ( 1 ) 

where  ”6”  is  the  angle  of  rotation  per  unit  gage  length  and  "a"  is  half  the  coupon’s  thickness. 
In  the  present  study,  the  shear  strain  y^y  monitored  with  strain  gages  and  the  warpage  is 
obtained  from  Equation  1.  Axial  tensile  strains  are  monitored  with  an  axial  strain  gage.  The 
response  of  the  composite  under  such  combined  loading  is  analyzed. 

MATERIAL  AND  EXPERIMENTAL  PROCEDURE 

Continuous  alumina  fiber  reinforced  aluminum  composite  (FP/Al)  coupons  (1  27  cm  x 
0.25  cm  x  15.25  cm)  were  prepared  from  a  liquid-infiltrated  as-cast  plate  which  v,?s  manufactured 
by  DuPont.*^  An  Al-2  .5%  Li  (6061 -T6)  alloy  was  used  as  the  matrix  material  .iy  the  manufac¬ 
turer  to  promote  bonding  between  the  alumina  fibers  and  the  matrix  alloy.  I  he  composite  con- 
tainril  55%  fiber  by  volume  which  was  unidirectional  and  oriented  parallel  to  the  coupon’s 
length.  The  uniaxial  properties  of  the  composite  have  been  examined  earlier.'^  The.se  compos¬ 
ite  properties  are  listed  in  Table  1.  Typical  filament  physical  properties  are  given  in  Table  2. 

Combined  tensile-torsional  tests  were  conducted  in  a  2,260  N-m  torsional  and  180  KN 
axial  capacities  MTS  servohydraulic  machine.  Serrated  hydraulic  grips  were  used  to  hold  the 
test  coupons.  The  specimens  had  their  ends  protected  from  the  serrations  of  the  hydraulic 
gn(»>  with  aluminum  tabs  which  were  2  mm  thick.  The  length  of  the  aluminum  tabs  was  51 
mm,  thus  the  coupons’  gage  length  was  51  mm.  Axial  strains,  e^^,  were  monitored  with  a  single 


longitudinally  oriented  strain  gage.  This  strain  gage  was  positioned  2  cm  from  the  edge  of  one 
of  the  aluminum  tabs  and  at  the  center  of  the  long  specimen’s  side.  The  output  of  a  Wheat¬ 
stone  bridge,  with  two  active  shear  gages  (at  ±45“  relative  to  the  specimen’s  longitudinal  axis) 
was  used  to  monitor  the  shear  strains.  The  location  of  the  strain  gages  is  shown  in  Figure  1. 
When  the  shear  gages  were  connected  on  adjacent  bridge  sites,  the  output  of  this  bridge  was; 

Vo  =  Vi  •GF-yzy/4  (2) 

where  Vi  is  the  bridge  input  voltage,  and  GF  is  the  gage  factor.  The  shear  strain  y^y  was 
estimated  from  Equation  2.  This  strain  was  maximal  along  the  center  portion  of  the  long 
sides  of  the  coupon.  The  amount  of  warpage  was  found  by  subtracting  "0a"  (2a  =  0.25  cm) 
from  yzy.  The  value  of  "0"  was  obtained  as  the  ratio  of  the  angle  of  rotation  (test  machine’s 
output)  divided  by  the  coupon’s  gage  length. 

Table  1.  COMPOSITE  MECHANICAL  PROPERTIES 


Exx  =  Eyy  =  138  GPa 
Ezz  =  210  GPa 
Vzy  =  Vzx  =  0.26  -  0.31 
UTS  =  543-589  MPa 
e  f  =  0.003 


NOTE:  Eii  =  elastic  constants 

Vzi  =  Poisson's  ratios 

UTS  =  ultimate  tensile  stress 
e  f  =  axial  tensile  fracture  strain 


Table  2.  ALUMINA  CONTINUOUS  FIBER  PROPERTIES 


Elastic  Modulus  =  380  GPa 
Ultimate  Tensile  Strength  =  1,380  MPa 
Diameter  =  20  urn 
Density  =  3.9  g/cm^ 


fn  order  to  validate  a  test,  the  four  types  of  eccentricity  shown  in  Figure  3  had  to  be 
minimized.  A  straight  steel  rod,  which  was  used  to  install  the  hydraulic  grips  in  the  MTS 
machine,  was  also  used  to  minimize  the  first  two  types  of  eccentricity.  This  was  accomplished 
by  applying  a  20  N-m  torque  to  the  steel  rod  prior  to  the  final  fastening  of  the  grips.  This 
torque  caused  the  grips  to  self-adjust  which  minimized  the  first  two  eccentricities.  A  bubble 
leveling  tool  and  the  grips’  center  markings  were  found  helpful  to  minimize  the  last  two  types 
of  eccentricity.  After  a  coupon  was  positioned  in  the  grips,  loads  were  applied  in  two  steps. 

FiinI.  the  coupon  was  torqued  or  pulled  in  tension  and  then  a  tensile  load  or  a  torque  was  super¬ 
imposed,  respectively.  Torsional  loading  was  under  rotational  control  (not  torque  control). 
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During  loading,  torques;  axial  loads,  and  the  angle  of  rotation  were  monitored  directly  from 
the  circuitry  of  the  MTS  test  machine.  Shear  and  axial  strains  were  obtained  from  the  strain 
gages  which  were  attached  onto  the  coupons. 

Metalographic  examination  of  tested  coupons  was  conducted  to  determine  the  features  of 
the  fracture  surfaces.  The  surface  portion  of  the  matrix  material  was  leached  away  with 
dilute  hydrochloric  acid  in  the  gage  section  of  selected  tested  coupons.  The  number  of  fiber 
breaks  and  their  distribution  across  the  gage  length  was  then  assessed  microscopically. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  composite’s  response  to  pure  torsional  loading  is  represented  by  the  curve  closest  to 
the  ordinate  in  Figure  4.  Yielding  initiated  at  a  torque  of  0.9  N-m,  which  was  related  to  a 
rotational  sheer  strain  (yi)  of  0.00033.  The  shear  strain  component  72,  which  represents  the 
maximal  amount  of  warpage,  was  found  to  be  not  equal  to  yj.  Experimental  results  indi¬ 
cated  that  for  both  linear  elastic  and  elastic-plastic  deformations:  72  =  1.22  •  yi.  There¬ 
fore,  it  is  inferred  that  there  was  an  orthotropic  effect  on  the  relative  magnitudes  of  yj  and 
72.  Thus,  the  total  shear  strain  (yi  +  72)  at  the  elastic  limit  of  the  first  curve  of  Figure  4 
was  0.00072.  Assuming  the  membrane  analogy  model  valid,  from  Equation  3  the  shear  mod¬ 
ulus  Gzy  is  50.56  GPa. 

T  =  Gzy  •  0  •  2b  •  (2a)^/3  (3) 

where  "T*  is  the  applied  torque  and  2b  =  1.27  cm. 

A  similar  approach  was  used  by  Kurtz  and  Sun'®  for  the  determination  of  the  shear 
modulus  of  an  orthotropic  composite.  The  total  (elastic  plus  plastic)  rotational  shear 
strain  to  failure  was  0.0206  excluding  warpage  or  0.0453  including  warpage.  The  middle 
curve  of  Figure  4  represents  the  composite’s  response  to  combined  torsional-tensile  load¬ 
ing.  This  coupon  was  first  torqued  to  a  rotational  shear  strain  0.013  and  then  loaded  in 
tension  to  failure.  The  tensile  stress-strain  relationship  was  linearly  elastic  with  a  slope  of 
210  GPa.  This  modulus  value  is  typical  for  this  composite  when  loaded  uniaxially  in  ten¬ 
sion.  The  tensile  strain  at  failure  was  0.00062.  It  was  noted  that  during  the  application 
of  the  tensile  load  the  torque  initially  decreased  slowly  from  4.176  N-m  to  2.848  N-m  and 
then  to  zero  in  a  catastrophic  manner.  The  rotational  shear  strain,  however,  was  held  con¬ 
stant.  This  implies  that  the  torque  decrease  could  be  due  to  a  relief  in  warpage  loading 
by  shearing  of  the  matrix  in  a  direction  which  was  parallel  to  the  fibers,  fibers  debonding, 
or  both  matrix  shearing  and  fibers  debonding.  Note  the  two  decreases  in  torque  at  rota¬ 
tional  shear  strains  0.0068  and  0.011,  respectively.  These  two  torque  decreases  could  be 
indicative  of  some  fiber  fracture,  matrix  cracking,  or  fiber  debonding.  The  last  curve  in 
Figure  4  is  the  composite’s  response  to  an  axial  tensile  strain  of  0.0005  which  was  fol¬ 
lowed  by  a  superimposed  rotational  shear  strain  to  failure  0.012.  The  tensile  loading  was 
linearly  elastic  with  a  slope  of  210  GPa  which  is  typical  for  this  composite.'^  During  tor¬ 
sion  the  applied  tensile  load  had  to  be  reduced  to  zero  so  that  the  tensile  strain  (as  indi¬ 
cated  by  the  coupon’s  strain  gage)  remained  constant  (0.0005).  Note  that  at  a  rotational 
shear  strain  of  0.0041,  the  torque  decreased  from  3.16  N-m  to  2.44  N-m.  This  torque 
decrease  could  be  indicative  of  some  composite  damage.  Two  additional  minor  torque 
decreases  are  also  noted  near  the  end  of  the  shear  loading  prior  to  catastrophic  failure  of 
the  coupon.  Results  from  this  test  as  well  as  from  other  tests  indicated  that  the  shear 
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3tational  strain  for  yielding  initiation  remained  unaffected  from  the  superimposed  tensile 
train.  The  shear  moduli  obtained  from  the  last  two  curves  were  of  the  same  value  as  that 
f  the  first  curve. 


Coupon  failures  under  combined  torsional-axial  tensile  monotonic  loading  are  depicted  in 
'igure  5.  The  shear  rotational  strain  component  (yj  =  d  •  a)  is  the  abscissa  and  the  axial  ten- 
ile  strain,  ej^-,  is  the  ordinate.  The  open  circles  indicate  that  tensile  loading  preceded  torsion 
nd  the  solid  circles  indicate  that  torsion  preceded  tension.  The  dashed  line  approximates  the 
ailure  envelope.  It  is  inferred  from  these  data  that  the  effect  of  the  loading  sequence  on 
he  failure  envelope  is  rather  insignificant.  The  pure  rotational  strain  to  failure  was  0.0206 
0.045  including  warpage).  However,  the  superimposition  of  an  axial  tensile  strain  0.0007 
aused  an  81%  reduction  of  the  pure  rotational  shear  strain  for  failure.  Similarly,  the  super- 
mposition  of  a  relatively  small  rotational  shear  strain  0.0025  (0.0055  including  warpage) 
aused  a  67%  reduction  of  the  axial  tensile  strain  at  failure  (0.003). 

The  parametric  representation  of  the  failure  envelope  (dashed  line)  of  Figure  5  is: 


0.003 


(4) 


vhere  "yi"  ‘s  the  shear  strain  and  "ezz"  is  the  tensile  strain.  Note  that  in  the  above  equation 
he  rotational  shear  strain  has  been  used  and  not  the  total  strain  which  includes  the  warpage. 
[f  one  wants  to  include  the  warpage  in  the  shear  strain,  then  Equation  4  becomes: 


,0.6  .  ,0.6 

0^)  (oofe)  ^  ^ 

The  plane  represented  by  Equation  4  or  Equation  5  was  named  by  Brown  and  Miller’^ 
ihe  T-plane"  (see  Figure  5).  Brown  and  Miller  tested  tubular  specimens  of  AISI  316  stain¬ 
less  steel  in  combined  tension-torsion.  Using  strains  instead  of  stresses,  the  solid  curve  in 
Figure  5  represents  the  failure  envelope  using  the  Hill-Tsai  failure  criterion.  The  latter  enve¬ 
lope  is  very  conservative  when  compared  to  the  envelope  obtained  from  the  experimental  data. 


The  majority  of  the  coupons’  failures  occurred  within  their  gage  lengths  and  near  the 
upper  stationary  grip.  The  fracture  surface  of  the  coupon  corresponding  to  the  middle  curve 
Df  Figure  4  is  shown  in  Figure  6a.  A  crack  through  the  coupon’s  thickness  can  be  seen  in 
the  middle  of  the  projected  fracture  surface  (SEM  photograph).  The  surface  of  this  crack  is 
parallel  to  the  longitudinal  axis  of  the  coupon.  In  the  authors’  opinion  this  crack  was  formed 
Linder  pure  shear  loading  and  is  related  to  the  two  torque  decreases  at  shear  strains  of  0.0068 
and  0.011  (see  middle  curve  of  Figure  4).  If  this  hypothesis  is  correct,  the  failure  envelope 
depicted  in  Figure  5  should  be  shifted  to  lesser  shear  strains  since  significant  composite  dam¬ 
age  could  have  occurred  prior  to  catastrophic  failure  (fracture).  The  fracture  surface  on 
either  side  of  the  above  crack  was  rough,  with  step-like  features  and  with  occasional 
iebonded,  broken  fibers.  Similar  observations  can  be  made  for  the  fracture  surface  of  the 
eoupon  of  the  last  curve  of  Figure  4.  This  surface  is  shown  in  Figure  6b.  The  through-thick¬ 
ness  crack  in  the  middle  of  the  projected  fracture  surface  probably  relates  to  the  torque 
decrease  at  rotational  shear  strain  of  0.0041.  As  discussed  earlier,  if  failure  of  the  coupon  is 
defined  to  occur  when  such  a  crack  (or  torque  decrease)  forms,  the  failure  envelope  should 
be  shifted  to  lesser  shear  strains.  The  surface  roughness  was  similar  to  that  of  the  previous 
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coupon  with  occasional  debonded  fibers.  The  latter  features  are  shown  in  Figure  7.  In  this 
figure  one  can  distinguish  a  secondary  shear  crack  shown  by  an  arrow  as  "b"  and  which  is  per¬ 
pendicular  to  the  primary  crack  noted  by  an  arrow  as  "a".  In  the  center,  an  area  can  be 
seen  where  the  fibers  were  well  bonded  with  the  matrix.  On  the  contrary,  the  areas  to  the 
left  and  to  the  right  indicate  fiber  pullouts  which  are  indicative  of  a  poor  matrix-fiber  bonding. 

The  microscopic  examination  of  several  tested  coupons  which  had  their  surface  matrix 
material  leached  away  with  acid  did  not  find  any  localities  with  a  high  concentration  of  fiber 
breaks.  The  density  of  fiber  breaks  was  uniform  across  the  entire  width  (long  sides  of  the 
coupons)  and  gage  area  of  each  of  the  examined  coupons. 

The  maximum  torque  for  maintaining  purely  elastic  deformation  was  found  to  be  0.9  N-m. 
This  torque  value  corresponded  to  a  maximal  shear  stress  tzy  of  37  MPa  (from  Equation  6)^^ 
and  a  total  (warpage  +  rotational)  elastic  shear  strain  of  0.00072. 

T^y ,  max  =  G^y  •  y^y  (6) 

For  higher  torque  values,  plastic  shear  deformation  should  initiate  at  the  surface  of  the  long 
sides  of  the  coupon  and  spread  inward  toward  the  coupon’s  center.  The  distribution  of  Z^y 
along  half  a  long  side  of  the  coupon,  assuming  elastic  deformation  only,  is  depicted  in  Figure  8. 
This  distribution  was  obtained  from  a  numerical  evaluation  of  Equation  7  which  was  derived 
using  the  membrane  analogy  model  and  is  provided  by  Timoshenko;*^ 
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It  can  be  shown  from  Equation  7  that  and  consequently  remain  maximal  and 
nearly  constant  within  y  =  ±  2b/5.  This  constancy  implies  that  plasticity  should  initiate 
within  the  entire  y  =  ±  2b/5  interval  and  not  restricted  to  y  =  0.  Similarly,  the  through¬ 
thickness  cracks  shown  in  Figure  6  could  form  within  the  same  interval  and  should  not  be 
thought  to  be  confined  to  form  at  y  =  0.  The  observed  uniformity  of  the  distribution  of  the 
number  of  broken  fibers  along  the  "y"  direction,  which  was  discussed  earlier,  also  supports  the 
hypothesis  of  *his  type  of  failure.  In  fact,  cracks  like  those  of  Figure  6  were  observed  to 
form  off  the  long  coupons’  sides’  centers  prior  to  catastrophic  failure  of  the  coupons. 

Because  of  the  geometry  and  orientation  of  these  cracks,  they  arc  cither  Mode  II  or  Mode 
III  type.  Their  formation  was  encouraged  by  the  unidirectionality  of  the  composite's  reinforce¬ 
ment.  Thus,  the  roughness  of  the  fracture  surface  of  the  tested  coupons  was  the  result  of 
successive  combinations  of  shear  crack  jumps  and  tensile  failures  (where  appropriate).  The 
tensile  failures  were  accompanied  by  fiber  pullouts  (see  Figure  7).  The  latter  indicate  a  poor 
fiber-to-matrix  bond. 

CONCLUSIONS 


The  shear  modulus  G^y  of  a  FP/Al  composite  was  estimated  from  coupons  with  a  narrow 
rectangular  cross  section  and  was  found  to  be  50.56  GPa.  The  failure  envelope  under  com¬ 
bined  torsional-axial  tensile  loading  was  not  affected  significantly  by  the  loading  sequence. 
The  rotational  clastic  shear  strain  limit  was  0.00033.  Plastic  deformation  of  the  metal  matrix 
initiated  at  an  approximate  shear  stress  value  of  37  MPa.  This  value  of  the  maximal  shear 
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tress  for  yield  initiation  contains  the  contribution  of  elastic  warpage  of  the  coupons.  Unlike 
sotropic  materials,  experimental  results  for  this  orthotropic  material  indicated  that  the  extent 
»f  warpage  was  greater  than  the  rotational  shear  strain  component  of  ?v/Cz-  The  superimposi- 
ion  of  a  minimal  shear  loading  significantly  reduced  the  tensile  strain  to  failure.  A  superim- 
>osed  0.0025  rotational  shear  strain  caused  a  67%  decrease  of  the  tensile  strain  to  failure, 
iimilarly,  the  superimposition  of  an  axial  tensile  strain  0.0007  caused  an  81%  reduction  of  the 
mre  rotational  shear  strain  for  composite  failure.  The  latter  strain  was  0.0206. 
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Figure  1 .  Specimen  configuration  and  strain  gage  location. 


Figure  2.  A  bar  with  a  rectangular  cross  section  loaded  in  torsion. 
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Figure  3.  Types  of  eccentricity. 
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Figure  4.  Composite  response  to  combined  loading 
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Figure  5.  Failure  envelope  under  combined  tension-torsion. 
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